Abstract. A three-phase fixed-bed reactor for selective hydrogenation of butadiene in liquid phase with toluene as solvent is modeled using published kinetics. Thermodynamic and transport properties are estimated from models and correlations available in the literature. The model incorporates momentum and energy balances and mass transfer resistances. The results show that use of toluene increases the yield of cis-butane and trans-butane isomers by comparison with a previous study by Bressa et al. where a solvent was not included. The effects of temperature, pressure, hydrogen/butadiene ratio and toluene/feed ratio on the reactor performance are studied. A temperature rise of 37.8 K and a pressure drop of 100 kPa are predicted for a reactor 1 m in length and 0.58 m in diameter using a typical feed composition. Greater reactor lengths result in complete vaporization of the reacting mixture. This vaporization effect can be controlled by increasing the inlet pressure and toluene/feed ratio, and by decreasing the inlet temperature and hydrogen/butadiene ratio. The effect of inlet hydrogen/butadiene ratio is found to be negligible, whereas a rise in inlet temperature rise has a significant effect on the conversions and yields for the same reactor length. Finally, it was found that the yield of 1-butene increases with increasing inlet solvent/feed ratio and pressure.
Introduction
Selective hydrogenation of 1,3-butadiene (BD) is an industrially important operation, because the main reaction product, 1-butene (1BE), is a feedstock in alkylation processes and polyethylene production. When carrying out this reaction, it is desired to minimize 1BE losses due to competing reactions such as isomerization to cis-and trans-2-butenes (cBE and tBE respectively) or complete hydrogenation to n-butane (BA). Reaction in liquid phase, operating at temperatures typically between 313 and 333 K [1] , has been proposed to reduce the catalyst deactivation problems that occur in gas phase. The liquid phase acts also as a solvent to avoid the deposition of oligomers on the catalyst surface, which is another cause of deactivation because of the formation of carbonaceous compounds. In this mode of operation there are thus three phases present in the reactor: reactants and products in the liquid and vapor states, and catalyst as a solid phase.
Several kinetic models have been proposed for selective liquid-phase hydrogenation of 1,3-butadiene in the presence of 1BE, cBE, tBE and BA on a commercial Pd/Al 2 O 3 catalyst at 313 K [1] [2] [3] . Bressa et al. [4] proposed a kinetic model considering the intra-particle effects and verified that the external mass transfer resistance was negligible. This model is used in our study for reactor calculations.
Reactor model
A three-phase fixed-bed reactor 2.3 m in length and 0.58 m in diameter is assumed to operate at 313 K and 1,2 MPa with catalyst geometry [10] shown in Table 1 . Two initial compositions of the hydrocarbon feed are used in the study ( Table 2 ). The reactor was modeled with the following assumptions [4] :
-Uniform flow distribution of liquid and vapor phases, with negligible axial dispersion in either phase; -Negligible film mass transfer resistances in the vapor phase; the phase is well mixed, i.e. there are no bulk-to interface composition gradients; -Negligible film mass transfer resistances in the liquid phase except for hydrogen, which diffuses across a stagnant hydrocarbon film; -Complete wetting of the external catalyst surface, with steady-state reaction inside the catalytic particles; -Phase equilibrium at the catalytic bed inlet. Consistent with the above assumptions, also phase equilibrium between bulk vapor and bulk liquid for hydrocarbons, and between bulk vapor and interfacial liquid for hydrogen throughout the reactor. Porosity of bed 0.45 
Kinetic model
Several authors have developed kinetic models for the selective hydrogenation of BD [1] [2] [3] [4] [5] 13] obtained from experimental data for different catalysts and operating conditions. As in our previous reports, we adopt here for definiteness the kinetics proposed by Bressa et al. [4] , although we must emphasize that the reactor model is not limited exclusively to this. Indeed, we expect in the future to develop and incorporate specific kinetic schemes for new catalysts being developed as part of this research project. Table 3 Kinetic expressions and rate parameters (Bressa et al. [4] ) The main reaction is BD hydrogenation where the desired product 1BE is obtained. The secondary (undesired) reactions entail isomerization and hydrogenation of the olefins. Bressa et al. [4] presented a reaction network for this process as shown in Fig. 1 , where the reaction rates r 1 , r 2 , r 3 refer to hydrogenation of butadiene, r 4 , r 5 , r 6 to hydrogenation of the butenes, r 7 , r 8 to isomerization and r 9 to hydrogenation of propene. Direct hydrogenation of BD to BA is not considered because it does not occur in practice. The hydrogenation reactions are irreversible under normal conditions, while 1BE isomerization reactions are treated as reversible and the relative stability of the butene isomers follows the sequence tBE > cBE > 1BE. All reactions show a first order dependence on unsaturated species and the hydrogenations reactions are also first order with respect to hydrogen concentration. It was verified that the mass transfer resistance in liquid phase between the bulk and the solid surface was negligible. The authors estimated reaction rate constants are shown in Table 3 .
Vapor-liquid equilibrium and thermophysical properties
Implementation of the reactor model requires the estimation of thermodynamic and transport properties. Following Rodriguez [6] , phase equilibria and enthalpies were predicted using the Peng-Robinson equation of state [7] with the Stryjek-Vera cohesion function [8] , simple van der Waals one-fluid mixing rules, and binary interaction parameters taken from Valderrama et al. [9] . Viscosities and liquid densities were estimated using UNIFAC-VISCO [11] and COSTALD [12] , respectively.
Mass balance
The conservation equations for each component in a differential length of reactor, including mass transfer limitations, can be written as:
Gas phase
Liquid phase Hydrocarbon
were v i,j is the stoichiometric coefficient of compound i in the reaction j, r S j the reaction rate for species j on the catalyst surface (x S j ), A is the cross sectional area of the reactor and ρ b is the bed density.
Hydrogen (mass transfer limitations in the liquid phase are considered)
The liquid-vapor equilibrium compositions (x e H2 and y i ) are determined using the Rachford-Rice equation, modified to take into account that only the hydrogen composition changes across the liquid film [4] (
where β is the vaporization fraction, K i the distribution coefficient and z i the compositions of the constituents in the bulk liquid. To solve this implicit equation the Regula-Falsi method was used, which was found to be more stable than the Newton-Raphson method.
Solid phase (catalyst)
Following Bressa et al. [4] , the mass transfer coefficient of liquid (k L,i ) and solid (k S,i ) are calculated with the Lara Marquez (Eqs (6)- (7)) and Mochizuki (Eqs (8)- (11)) correlations respectively
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with Reynolds numbers defined as
Pressure drop
Two previous studies [2, 13] of selective hydrogenation of BD have modeled the pressure drop in the reactor using the correlation proposed by Larkins et al. [14] . Pérez et al. [10] compared four pressure drop models for this type of reactor and found no significant difference between their predictions, with the Larkins et al. correlation giving somewhat more conservative results. In this work, we use therefore this same correlation, which is given by:
Ergun's equation (see Eq. (14)) is used for the single-phase pressure drop contribution of each phase, ΔP L and ΔP G , depending on the density and viscosity calculated in each differential element.
Since the reactor is vertical, the pressure drop must also include the contribution of hydrostatic pressure (P H ) [4] 
where
Energy balance
The first law of thermodynamics for each differential reactor element is formulated according to a simplified sequence of processes shown in Figs 2 and 3. Reactions take place only in the liquid phase, leading to changes in its composition and temperature at the prevailing pressure. Equilibrium is then reestablished between the liquid and vapor phases under adiabatic flow (i.e. isenthalpic) conditions.
For each differential length of reactor the following calculations are performed (Fig. 3) : -The liquid phase flow (L 0 ) enters the reactor element (R1), where exothermic reaction results in changes in the phase, temperature, pressure and molar flow rate. The system of Eqs (3), (6) and (16) is implicit in the solid concentration (x S i ), which are solved for using multivariable NewtonRaphson method and the Runge-Kutta method, with the flow rates and pressure at the reactor inlet as initial conditions. -The outlet reactor stream (L r ) and the gas phase (G 0 ) stream are mixed at outlet pressure (P ). In this point, the new global compositions (z) are determined. -Finally the outlet (equilibrium) gas and liquid flow rates, compositions and temperatures are calculated using an isothermal flash algorithm. Thus, the equation for energy balance in the i-th differential reactor element is:
This equation implicit in the outlet temperature is solved numerically for each reactor element. The enthalpies (H) are calculated as sums of ideal gas and residual contributions. To account for the heats of reaction, all pure component enthalpies are computed using the standard heats of formation as reference states. 
Results and discussion
The above model was solved with the baseline conditions listed in Table 1 . Firstly the effect of adding a solvent to the feed stream on the results obtained by Bressa et al. [4] was studied. The resulting simulations were compared for two typical hydrocarbon feed composition. As shown in Table 2 , the process feed contains not only BD but a hydrocarbon mixture that includes some 1BE. The main objective of the process is to selectively hydrogenate the diolefin to 1BE, while minimizing the losses of 1BE by isomerization to cBE and tBE or further hydrogenation to BA. Our analysis of results therefore focuses on obtaining high BD conversions with greater yields of 1BE. We define the fractional yield as:
where j = 1BE, cBE, tBE or BA. Note that, since 1BE is an intermediate product in the reaction network, cf. Fig. 1 , its molar flow at the reactor outlet could be lower than at the inlet if the rate of reaction towards cBE, tBE and BA is greater than the rate of production from BD. In such cases, the 1BE yield defined by Eq. (19) would be negative, and the best possible result would be to have it approach zero, i.e. to give the lowest possible absolute value. Finally, the effects of inlet reactor conditions such as H 2 /BD ratio, temperature, pressure, and toluene/feed ratio on the yield to cBE and tBE and conversion of BD, hydrogen and 1BE were analyzed.
Reactor simulations
Our main contribution is to use toluene as solvent in the reactant mixture because, besides the advantages cited above, this compound also acts as a buffer of the heat released by the reactions. To this end the model of Bressa et al. [4] is used adding toluene to the inlet stream given in Table 2 (toluene/feed = 1), and the results are compared with the original ones. We assume that addition of the solvent to the liquid reacting mixture does not alter the reaction kinetics, i.e. that toluene acts to modify the phase properties, but otherwise behaves as a chemically inert component that does not interfere with or compete for the active catalytic sites.
Results are shown in Table 4 . It may be seen in general that both feed streams lead to complete conversion of BD and 1BE, thus allowing the subsequent reactions of complete hydrogenation to BA, with a high selectivity for this unwanted reaction product. On the other hand, use of toluene increases the solubility of hydrogen and 1BE in the liquid phase, while at the same time decreasing BD concentration on the solid surface. Hydrogenation rates are thus lowered, and the isomerization reactions are favored, with a consequent increase in yield towards the isomers (cBE and tBE), accompanied by a slight increase in yield toward BA. Overall, these changes speak in favor of the addition of a solvent for the hydrogenation process. 
Fig. 4. Molar flow rates of components along the reactor at baseline conditions: ( ) BD, ( ) 1BE, ( ) BA, (x) cBE, ( ) tBE, (•) H2.
We next use toluene as solvent (instead of benzene) for the feed stream studied by Galiasso et al. [5] , keeping the kinetics proposed by Bressa et al. [4] . Results are shown in Table 5 and Fig. 4 .
We observe that reactant concentrations are larger than at the conditions assumed by Bressa et al. [4] because of the increased inlet flow rates. Yield is lower toward BA and higher toward cBE and tBE, the latter being the more stable isomer. The model predicts a temperature increase ΔT = 37.8 K and pressure drop ΔP = 100 kPa for a reactor length of 1 m. Longer reactors show a steep increase in temperature which is a common problem with these operations and results in complete vaporization of the liquid mixture, effective stopping the reactions. A possible form of controlling this problem may be a change in inlet conditions, e.g. lowering the inlet temperature, increasing the inlet pressure or increasing the flow rate of the solvent that serves as a thermal buffer.
BD is consumed in three reactions (r1, r2 and r3 in Fig. 1 ), of which the one that produces 1BE is fastest, and the one that forms cBE is slowest, as seen in Fig. 5 . This is consistent with the kinetic constants listed in Table 3 , where k 1 > k 3 > k 2 . It is also found (Fig. 4 ) that tBE production is larger than that of the other isomers and is sustained throughout the reactor, which appears logical considering that this is the more stable isomer. The 1BE flow rate decreases along the reactor (Fig. 4) , as anticipated above, because its rate of production from BD is less than its net rate of disappearance by hydrogenation (r4, Fig. 5) and isomerization (r6 and r7, Fig. 6 ). On the other hand, the BA molar flow rate increases along the reactor as this compound is produced by hydrogenation of the BE isomers by reactions r4, r5 and r6, the fastest of which corresponds to 1BE (r4, Fig. 5 ), because this is already present in the feed stream. 
Effects of operating conditions
The effects of changes in the operating parameters (H 2 /BD ratio, inlet temperature T 0 and pressure P 0 , and solvent-feed ratio Tol/HC) on the performance of reactor were also studied. To this end, the reactor Table 7 Effect of inlet temperature on reactor performance. P0 = 1200 kPa, H2/BD = 3, Toluene/HC = 1 Table 9 Effect of inlet toluene/HC ratio on reactor performance. T0 = 313 K, P0 = 1200 kPa, H2/BD = 3 was simulated varying each parameter in turn in a preset range while keeping the other variables at their baseline values. Reactant conversions and product yields were computed for a fixed reactor length of 0.7 m, in order to avoid complete vaporization of the reacting mixture, an undesirable condition as explained above because it stops the reaction process. Results are collected in Tables 6-9 and illustrated in Figs 7-14. The effect of H 2 /BD ratio is shown in Table 6 . We notice that the increase in hydrogen feed rate is matched by a corresponding increase in its concentration at the catalyst surface, but there is also a decrease in BD and 1BE concentrations associated with higher amounts of vaporization. The increase in hydrogen concentration enhances the hydrogenation reactions rates (Fig. 7) , which has the secondary effect of increasing also the isomerization reaction rates (Fig. 8) because of the increased concentration of the olefins (1BE, cBE y tBE). Thus, higher conversions and yields are obtained, but since these are exothermic reactions, they also result in higher temperatures that eventually cause the complete vaporization of the mixture at shorter reactor lengths. In any case, a 100 % increase in this ratio has really a small effect on almost all variables; results change by less than 8%, with the sole exception of BA yield which increases by slightly more than 30%. Other than this, the H 2 /BD ratio is not a major factor in the reactor response.
Results of inlet temperature variations are given in Table 7 and Figs 9 and 10. Once again, because of the exothermic reactions (and adiabatic operation), an increase in inlet temperature in the range 313 T 0 333 K results in hot spots and complete vaporization taking place at shorter reactor lengths. Additionally, as temperatures inside the reactor increase with increasing T 0 , promoting greater vaporization of the components, the molar flow rate of the vapor phase increases, leading also to a larger overall 114 Fig. 7 . Effect of the hydrogen/butadiene ratio (H2/BD) on the hydrogenation reactions rates of BD (r1), 1BE (r4) and tBE (r6). Fig. 8 . Effect of the hydrogen/butadiene ratio (H2/BD) on the isomerization reactions rates of cBE (r7) and tBE (r8). pressure drop. Although concentrations of all the reactants at the catalyst surface decrease with increasing temperature (Table 7) , reaction rates increase because of kinetic effects (Figs 9 and 10) , thereby increasing the conversions and yields except for 1BE whose yield decreases slightly. For a 10 K (3.3%) increase in feed temperature, the change in yield is larger for BA (19.6%) than for the isomers 1BE (3.9%), cBE (6.4%) and tBE (6.2%). This indicates that complete hydrogenation to BA is favored, as reflected by a much larger rate of hydrogen consumption (66%). This is by far the largest effect of the inlet temperature change, but in general the reactor performance proves to be highly sensitive to this operational parameter.
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The effects of inlet pressure variations are shown in Table 8 and Figs 11 and 12. Increasing P 0 in the range 1200 P 0 1600 kPa displaces the hot spots and liquid away from the reactor inlet, resulting in greater lengths. The increase of inlet pressure favors hydrogen dissolution into the liquid phase ( Table 8) . As already explained, this increase in hydrogen concentration leads to higher rates of hydrogenation Fig. 9 . Effect of the inlet temperature on the hydrogenation reactions rates of BD (r1), 1BE (r4) and tBE (r6). Fig. 10 . Effect of the inlet temperature on the isomerization reactions rates of cBE (r7) and tBE (r8).
( Fig. 11) and isomerization (Fig. 12 ). These in turn result in higher temperatures, increased vapor flow rates, and consequently higher pressures drops as shown in Table 8 . The increased temperatures in turn displace the isomerization equilibria towards 1BE, increasing the yield of this desirable product and decreasing the yields toward cBE, tBE and BA. From the standpoint of sensitivity, a 17% increase in pressure generates changes of about 17% in isomer yields (16.2% for 1BE, 17.1% for cBE, 17.2% for tBE). Although these effects are somewhat smaller for higher pressures, e.g. 12% changes in BE yields are observed for pressures from 1400 to 1600 kPa, increases in inlet pressure can be concluded to have a large impact on the results, with the additional benefit of increasing BD conversion and reducing 1BE losses.
Finally, the effects of increasing the toluene/HC feed ratio are presented in Table 9 and Figs 13 and 14. Since the amount of dissolved hydrogen increases with the amount of solvent, the molar fractions of the reactants (H 2 , BD, 1BE) at the catalyst surface decrease by dilution effect, therefore hydrogenation 116 Fig. 11 . Effect of the inlet pressure on the hydrogenation reactions rates of BD (r1), 1BE (r4) and tBE (r6). Fig. 12 . Effect of the inlet pressure on the isomerization reactions rates of cBE (r7) and tBE (r8). rates ( Fig. 13 ) and, to a larger extent, isomerization rates (Fig. 14) all decrease, leading to lower BD and H 2 conversions and cBE, tBE and BA yields. Higher toluene feed rates increase the yield of 1BE (although this is still negative, meaning that part of the 1BE entering with the feed stream is also converted), an effect that has recently been verified experimentally [16] . However, the likely mechanistic explanation that this happens because the additive (toluene) competes with 1BE adsorption on the active sites, thus blocking it from further reaction [16] , cannot be accepted in the present case, because as already mentioned the kinetic model makes no allowance for participation of an additive in the reaction network. Such effects may well exist, but the present results also indicate an influence of toluene purely as a solvent, no doubt related to its physical properties, as demonstrated by the fact that other solvents, e.g. n-hexane or benzene, do not have quite the same impact [6] .
Lower outlet temperatures are obtained, because the solvent acts as a thermal buffer, controlling as expected the temperature rise inside the reactor bed. However, at a rate of toluene/HC = 3, pressure drops Fig. 13 . Effect of the toluene/feed (Tol/HC) ratio on the hydrogenation reactions rates of BD (r1), 1BE (r4) and tBE (r6). increase because of the higher linear velocities, and this also reduces the reactor length for complete vaporization, this time because of the diminishing pressures. Thus, the solvent to olefins ratio must be adjusted carefully, to improve hydrogen solubility while maintaining the presence of liquid reactants throughout the catalytic bed. Overall, the quantitative effect of this parameter is actually not that large, e.g. a 100% increase in toluene/HC ratio gives changes of 30 to 44% in the product yields.
Conclusions
An adiabatic fixed-bed reactor for selective hydrogenation of 1,3-butadiene using toluene as solvent was modeled with momentum and energy balances, phase equilibrium and external mass transfer limitations in the liquid phase. The following results were obtained:
Use of toluene as solvent increases the yield toward isomers (cBE and tBE), by comparison with the results obtained by Bressa et al. [4] in a study where no solvent was used.
The model predicts a temperature increase ΔT = 37.8 K and pressure drop ΔP = 100 kPa for a 1 m reactor length. Higher lengths result in complete vaporization of the liquid mixture, because of the exothermic heats of reaction. Temperature rises in the reactor can be controlled by increasing the inlet pressure, decreasing the inlet temperature, and increasing the hydrogen/BD feed ratio.
Inlet temperature significantly affects the reactor performance. An increase in feed temperature promotes hydrogen consumption by complete hydrogenation of the olefins to BA.
Inlet pressure also has a considerable effect on reactor performance. An increase in feed pressure increases BD conversion and reduces 1BE losses by hydrogenation and isomerization. By contrast, the feed H 2 /BD ratio has a small, even negligible effect on the reactant conversions and product yields.
An increase in the toluene/hydrocarbon inlet ratio lowers the conversions and yields for cBE, tBE and BA, but reduces the losses of 1BE by isomerization and hydrogenation, thereby increasing the selectivity toward this desired product. This effect appears to be purely thermodynamic in nature, i.e. unrelated to any possible interference of the solvent with the reaction mechanisms.
